The ratio between gill ventilation (VG) and lung ventilation (VA) required to maintain the same°2 and CO2 tension for a .given metabolic rate. These two ratios are shown as afunction oftemperature low bicarbonate concentration to preserve the necessary (OH-)/(H+) ratio.
On emergence upon' land and the acquisition of lungs the ventilation could now be reduced by some 30-fold and still maintain an adequate arterial 02 tension. However, the CO2 tension now had to rise appropriately and required a commensurate increase in plasma bicarbonate to preserve the necessary (OH -)/(H+) ratio. This change in ventilation and bicarbonate concentration during the evolution is pictured in The large ventilation of the fish is in response to 02. As a consequence the CO2 tension is very low andrequires a low HCO3to preserve the appropriate (OH-)/(H+). In lung breathers the ventilation is reduced and the rise in CO2 tension requires now a large increase in HCO3-. The amphibia represent the critical transition period during which skin respiration was developed function is represented by the amphibia. These animals were the first to be confronted with a rising CO2 tension. They either had quickly to increase their bicarbonate concentration or to maintain a ventilation equivalent to their aquatic one. Skin respiration by convection served as an interim device for maintaining a relatively high ventilation, while the renal mechanism now had time to develop an appropriate bicarbonate level.
Only then could the skin be finally abandoned as a gas exchanger.
Dr E D Robin (Pittsburgh) said that people making complete gas measurements of hydrogen ion concentrations during hypothermia in man had become somewhat agitated by the fact that they had found alkaline pHs. This was an evolution of the basic physical-chemical principle. Dr Rahn's message should be interpreted in two ways. One was that measurements of hydrogen ion concentrations of patients maintained in the cold should be performed at body temperature. Secondly, in the case of a coldblooded specimen there was normally some alkali compared with a warm-blooded patient.
Dr J E Cotes (Cardiff) asked whether anything was known of the relative transfer or diffusion characteristics of the gas exchange organs in different species.
Dr E R Weibel (Zurich) said that he had once investigated the gills of some tadpoles, but not in that respect. He found that they had a very thick membrane, generally with a high epithelium. He thought that the whole effect should be investigated systematically.
Dr E D Robin (Pittsburgh), replying to another questioner who asked what happened to a fish which spent part of its time on land, like an eel, said that there was good evidence that part of the ability of an eel to survive relatively long periods in air was based on its ability to effect gas-exchange through the skin, and in this respect they were somewhat amphibian. He said that there were also species of fish, like the African lung fish, which had relatively well-developed sets of lungs and were capable of being terrestrial gas-exchangers, although their natural habitat was actually water.
Professor G M Hughes
(Department ofZoology, University ofBristol)
Species Variation in Gas Exchange
The principal ways in which comparative studies may be of interest to those in medicine may be considered under three headings: (1) Knowledge can be gained regarding the possible phylogeny of the mammalian system and man.
(2) The study of lower vertebrates provides examples of systems which are normal in these forms and which in some cases are surprisingly analogous to various respiratory or cardiovascular abnormalitis of man. One example is the incomplete double circulation of reptiles such as the turtle and its similarity to cases of septal defects in man. Perhaps studies on such systems can elucidate some of the fundamental characteristics of these circulations and they can be used for trying out possible surgical procedures.
(3) Comparative studies can be of value because they emphasize the variety of possible mechanisms for gaseous exchange under different environmental conditions. At the moment there is considerable interest in the possibility of increasing man's ability to stay under water for prolonged periods. Information gained from studies on animals adapted to similar circumstances can be very suggestive.
These are some of the ways in which medical and zoological science can assist one another in respiratory physiology. There have been many notable examples of the value of this approach in neurophysiology during the past twenty years and during the last few years there seems to have been an acceleration in this type of attitude in respiratory and cardiovascular physiology.
Because of the wide range of animals and their adaptations for gaseous exchange, it is impossible to give a detailed account of the whole of species variation in the animal kingdom. Instead, three examples will be considered in order to illustrate: (1) Adaptation for gaseous exchange in waterthe gill of fish. (2) The use of the skin as a respiratory surface and its significance during the evolution of the earliest terrestrial vertebrates.
(3) An example from insects which have secondarily adapted themselves to a life in water, by means of a plastron.
The Fish Gill This structure, beautifully adapted for the extraction of oxygen from water, is formed of a large number of filaments spaced out along the gill arches on either side of the pharynx (Fig 1) . Each filament has a series of plates projecting at right angles from its upper and lower surfaces.
They are so-called secondary lamelli, which are extremely numerous, e.g. 30/mm in an active fish like the mackerel. The secondary lamelli are the site of gaseous exchange and form a fine sieve which ensures that all the water comes into close contact with the blood (Fig 2A) . In fact the water-to-blood pathway is rather thicker (0 5 to 3,u) in some regions than might have been expected and is made up of an outer epithelial layer, a basement membrane, and an inner layer formed by the flanges of the pillar cells. The Hughes, 1963, by kindpermission) outer epithelial cells are flattened but contain a variety of organelles and in some regions, abundant mitochondria (Hughes & Grimstone 1965) . Their general appearance suggests that they may be involved in processes that are more active than diffusion. These could be concerned with gaseous exchange, though it must be remembered that ionic regulation also occurs at these surfaces. The basement membrane is presumably a supporting structure and is continuous with the basement membrane in the main axis of the gill arch. It is analogous to a similar system of basement membranes in the mammalian lung.
The functioning of such a system is related to the flow of water which in bony fishes tends to flow in a direction opposite to that followed by most of the blood. Fig 2 shows how this water may be subdivided into several portions according to its path across the gills (Hughes 1966a ). The main part will flow in the space between the secondary lamellk and may be called the interlamellar water and is analogous to the alveolar air. Another part, however, does not come into such close contact with the respiratory surface as it passes between the tips of the filaments of adjacent gill arches. The position of these arches mainly depends on the elasticity of the gill rays in the filaments. Consequently the proportion of water flowing in this pathway, which is analogous to the anatomical dead space, depends on the pressure of the water against the individual arches. During its passage over the gills of a trout, measurements (van Dam 1938) have shown that as much as 80% of the oxygen may be removed from the water. Presumably very little The water which passes through without losing any oxygen is equivalent to the physiological dead space. (B) Diagram oftransverse section through two adjacent gill arches with their rows of attached filaments. The filaments normally touch one another at their tips and most water passes between the secondary lamella (interlamellar water). With excessivepressure gradients across the gills, the volume of water shunted between the tips of the filaments increases. This portion of the respiratory water is equivalent to the anatomical dead space of the lung. (Reproducedfrom Hughes, 1966a, by kindpermission) passes between the filament tips but the diffusion distances for the more axial part of the interlamellar water is relatively long and probably accounts for the failure of the gill to extract the remaining 20 %, even at only moderate flow rates. This portion may be regarded as the physiological dead space. If this description of the structure of fish gills is correct, one would expect the amount of oxygen removed from the water to fall at increasing flow rates. In the dragonet (Callionymus lyra) the external opening of the opercular cavity is welldefined and it was relatively easy to fix a suitable membrane around this aperture and so collect all the water leaving the gills. Determinations were made of the volume flowing in unit time and the oxygen tension in the inhalant and exhalant water. With increasing flow rates there is a fall in the percentage of oxygen removed, regardless of whether the increased flow resulted from a lowering of the Po2 in the inhalant water or was due to an artificially imposedincrease in the gradient of hydrostatic pressure across the gills (Fig 3) .
The electrocardiogram was also recorded and following a fall in the P02 of the water, a welldefined bradycardia occurred, as has been observed in other fish. These experiments clearly showed that an increase in ventilation volume does not by itself have any effect on the heart rate although it does have an effect on the utilization. This indicates a direct influence of oxygen lack on heart rate possibly activated reflexly via receptors on or near the gills, but this needs to be investigated further.
Cutaneous Respiration
In most instances where fish come out on land for brief periods, there is evidence that much gaseous exchange takes place through the skin. This is known in Periophthalmus, Anabas, and other fish with accessory air-breathing organs, but perhaps the best known example is the eel. On land the gills will usually be collapsed but even so they still form a region where a relatively large volume of blood becomes exposed to the air and ventilation can occur. In certain cases such as Feriophthalmus a special stiffening of the lamellme is present which will increase their effectiveness in gas exchange in air. Recent observations on the gills of Amia suggest that a special feature of their organization may facilitate this function. In this fish there is a special layer supporting the free edge of the secondary lamellie so that the whole sieve is more fixed and less likely to collapse in air. Amia survives out of water for relatively long periods but it must be remembered that-they have an airbladder which makes aerial respiration possible. The role of cutaneous respiration was emphasized by Krogh (1904) and some of his figures for the volumes of 02 and CO2 exchanged through the skin and lung of some amphibia are given in Table 1 . There is a marked difference in the ratio (R) between the carbon dioxide loss and oxygen uptake for these two surfaces. R is about 0-4 for the lung and from 15 to 3 for the skin. Krogh's experiments were open to the criticism that the frogs were not ventilating normally; however, these results have been confirmed in recent measurements in which ventilation was normal (Whitford & Hutchison 1963 . When visiting Professor Rahn's department in Buffalo during the spring of 1964, I made some measurements of the composition of the air in the buccopharyngeal cavity and in the lung of several species of frog and toad. Some of the results are plotted in Fig 4, where it is evident that the Po2 and PCO2 fall on an R line of slope 04, as expected from Krogh's experiments. The basis for this low gas exchange ratio here and the high value for the skin is probably related to the ventilation/perfusion ratio and would repay further study.
At the same time determinations were made of the 02 and CO2 tensions in bubbles of air which had been injected into the peritoneal cavity of a range of aquatic and semi-terrestrial amphibians and some reptiles. The gas was analysed after two days when it had equilibrated with the gas tensions in the body cavity which were presumably similar to the mixed venous blood. It was found that the PCO2 was very low (3-5 mmHg) in the frog at about 7°C. At higher temperatures the PCO2 increased and Po2 fell, presumably because of the increased metabolic activity of the animal together with the absence of any mechanism for increasing ventilation of the skin. In other amphibians PCO2 values of up to 10 mm were obtained and only in the snapping turtle (20°C) was it above 25 mmHg. The PCO2 of these lower vertebrates contrasts with the relatively high value (40 mmHg) found in mammals. Evidently the problem of surviving with a raised PCO2 must have been a significant one during the transition from water to land and yet it has received relatively little attention in discussions of this topic. In water, of course, carbon dioxide can escape very readily and fish have little problem in this respect. On land, however, the lung being an enclosed cavity leads to a rise in the PCO2 with which the circulating blood is in equilibrium and this necessitates a great deal of modification in the physiology of the organism if it is to maintain homeostasis. For example, the hemoglobin dissociation curve needs to be less sensitive to carbon dioxide if it is to be efficient in oxygen uptake. The respiratory centre must also be less sensitive to Pco2 if respiratory control is to function adequately and there must also be the evolution of suitable mechanisms for regulating the body pH which implicates the kidney during this transition. A sudden change from gill respiration to lung breathing would therefore pose considerable physiological problems and it is in this connexion that cutaneous respiration appears so significant. The skin, in fact, is the site of gaseous exchange which can function most readily both in water and on land. The possible evolution of the respiratory mechanisms during the transition may have been as follows.
Initially there would be an ancestral fish admirably adapted for oxygen uptake and CO2 elimination in an aquatic medium, but under conditions of low oxygen adaptations evolved whereby the fish came to the surface to obtain extra oxygen from the air. At this stage the gills would still function adequately for CO2 elimination. (There are some observations which indicate that this type of mechanism is found in air-breathing fish.) One of the regions which became adapted for air breathing was a diverticulum of the pharynx, so that when this group of organisms came on to the land and their gills became insufficient, they were pre-adapted for breathing air. At this stage the scales would tend to be reduced and an increased mucus production would cut down the loss of water. The skin would function mainly for CO2 elimination and would enable the animal to go to and from the water and still respire satisfactorily. During this intermediate phase, the Pco2 in the circulating blood would still be relatively low and evolution of suitable mechanisms to compensate for a lowered blood pH could have been selected. As the lung became more efficient and more involved, not only in the uptake of oxygen but also in the elimination of carbon dioxide, so these mechanisms would be brought into play. Correspondingly, as the lung became the main organ for gaseous exchange, the skin would become less important and it would probably have become covered with hardened scales to reduce water loss and the animal could now remain away from water for still longer periods.
Another site of gaseous exchange which is not often mentioned is the buccopharyngeal cavity which may have been an important accessory to the skin during the transitional stages. Several authors (Czopek 1962 , Foxon 1964 have recently denied its importance in gaseous exchange mainly on the morphological grounds that it accounts for only approximately 2 % of the vascularization of the total respiratory surface (i.e. skin, lung and buccopharynx). Experimental work, however, has shown that this observation neglects the importance of the ventilation/perfusion relationship at these surfaces. For example, buccopharyngeal ventilation is increased about 25 times whereas that of the lung rises only three times for a rise in temperature from 100 to 25°C in some salamanders (Whitford & Hutchison 1963) . Consequently gaseous exchange through the buccopharynx is more important than through the lung at 25°C but the opposite is true at 10°C. Some of the terrestrial plethodontids, which do not have lungs, depend on buccopharyngeal respiration for as much as 25 % of their 02 uptake at 15°C (Whitford & Hutchison 1965) . It seems that the origin and dispersal of this group has been closely linked with the increase in efficiency of this site of gaseous exchange.
In the light of the physiological evidence summarized here, and by Rahn (1966) and Hughes (1966b) , together with recent views on the fossil record and comparative vertebrate morphology, it seems possible to accept the view that cutaneous respiration was important for the earliest land vertebrates. It is a remarkable example of convergence that other zoologists have been thinking along these lines but from quite different beginnings to those which have led Professor Rahn and me to this view of early tetrapod life.
If we accept cutaneous respiration as primitive, then it has a number of repercussions on our present views of, for example, the incomplete double circulation in amphibia. At present this is regarded as a secondary feature but it may well be primitive. We must also regard the dipnoan circulation as more specialized and not close to that of the ancestral crossopterygian. Many zoologists will prefer to do this because the comparative anatomy of the dipnoan heart has several features which are definitely specialized.
The Insect Plastron Finally I would like to consider the other main group of animals that have successfully invaded the landthe insects. Here, the respiratory system involved is a tracheal system, which is adapted to restrict water-loss. The diagrams in Fig 5 emphasize the importance of the thin moist film at the end of the finest intracellular ramifications or tracheoles. This film is extremely important as a resistance to the diffusion of gases. Krogh (1920) omitted to make allowance for this in his calculations of the diffusion resistance. Buck (1962) has recently pointed out that even if the liquid phase is only 1/10,000 the length of the whole tracheal path, it will take a hundred times longer for oxygen to pass from the tracheole to the intracellular sites than the time for diffusion along the whole of the gaseous part of the pathway. This emphasizes the difference between water and air as respiratory media and the significance of the moist film at all respiratory surfaces. Diagrams are also given of the path of gaseous transfer in other insects, especially those which live in water. Some have long tubes which extend to the surface and allow gases to enter by that route (e.g. drone-fly larvte).
Other insects take bubbles of air beneath the surface (e.g. water-beetles and water-boatmen) and in these cases it has been shown that the bubble may function as a physical gill. This is because as oxygen is used up from the bubble, so the Po2 will fall below that in the water and oxygen will therefore enter the bubble. Carbon dioxide will diffuse in the opposite direction ( Fig 6) . The disadvantage of the air bubble as a gill is, of course, that as the oxygen is removed there is also a tendency for the nitrogen partial pressure to increase and for this gas to diffuse into the water. Consequently the size of the bubble will decrease and sooner or later needs to be replenished. Even so the bubble may supply the insect with as much as 13 times the volume of 02 originally contained in the bubble. In many cases insects come to the surface more to obtain additional nitrogen than to renew their oxygen store. It is in this connexion that the insect plastron is such a fine adaptation.
A plastron consists of a dense pile of fine hairs, maybe as many as a million or more to the square millimetre. This pile serves to trap a film of air which communicates with the tracheal system. When a film of air acts as a physical gill, the tendency for its volume to decrease is resisted by the surface forces between the individual hairs of the plastron. Because of their dense packing and surface properties, these hairs may withstand pressures of over one atmosphere. Consequently, insects possessing such adaptations are able to live indefinitely beneath the surface. They cannot penetrate to extreme depths because of the increase in pressure but some bugs live at depths of 3-4 fathoms in the river Danube.
Plastron respiration is found in many insects, not only those which are normally regarded as aquatic. As my colleague in the zoology department at Bristol has pointed out, the insect plastron is mainly an adaptation for respiration in situations where frequent drying and wetting occurs (Hinton 1960) . Many insect eggs have a plastron as, for example, the common housefly.
Conclusion
This survey has shown some of the variety of adaptations found in both vertebrate and invertebrate animals in relation to their aquatic/ terrestrial mode of life. Whether or not man can learn by reference to them in his attempt to explore the oceans, remains to be seen. At least we have suggestive mechanisms such as a plastron whose potentialities might be explored. But perhaps a modified gill might be the best mechanism for him to copy if he wishes to become completely aquatic. The use of the lung as a gill (Hughes & Kylstra 1964) has been considered but not only would its ventilation involve a great deal of work but the difficulty of bringing the respiratory medium close to the vascular surface is considerable. The possibility of making a model gill is a much better one especially because its ventilation by a continuous through-stream would make it possible to reduce the diffusion distances. If a sufficient ventilation were maintained it might be possible to satisfy the requirements of a man beneath the sea.
Professor G M Hughes, in reply to a question regarding skin respiration and the extent to which this depended on the wind, said that there were many problems facing animals when they moved from water to land. He had mentioned gas exchange, but one of the most important aspects concerned water conservation. If the wind was strong it would tend to dry up the animals, leading one to guess that these animals might have come out of water more at night. There was some evidence from the diurnal rhythms of lungfish that they were more active at night than during the day.
Dr P Hugh-Jones (Chairman) commented that the oxygen exchange problem of fish could be extreme. For example, a mackerel cannot propel enough water through its gills to maintain its blood oxygen tension unless it is actively swimming. Professor Hughes, in reply to a further question as to whether depth had any effect on respiration in the fish, said that as far as he knew, no one had found any effect with depth. As the partial pressures of the gases were the same except at very great depths he did not think there would be any effect, this being one of the advantages of the gill system.
In reply to a question as to whether there was any evidence that the blood flow was increased in the case of animals, such as the eel, which relied on skin breathing when they travelled overland, Professor Hughes said that this was not known in fish, but was known in amphibia. When they submerged there was an increase in the blood flow to the skin. Some of the most recent work on the frog heart and circulation had shown that there were changes in the blood pressure curves during submergence. Dr Hugh-Jones said that there were insects, such as dragon fly larvae, which could squirt water out of the rectum, and asked whether these had a gill system inside. He also asked how a fly could fly since the spiracle tubes of the tracheal system were very minute; how did they manage their diffusion; did they pump air out of the spiracles, or did it go down the long tubes by diffusion.
Professor G M Hughes replied that the ventilation mechanism of the dragonfly larvawas to pump water in and out of its rectal chamber. Inside the rectal chamber of the dragonfly larva there were many gills covered by fine membranes and enclosing much branching of the trachea, and the system was entirely dependent upon diffusion. The dragonfly larva resembled the mammal in that the respiration was tidal, water moving in and out regularly. But it had some tricks, such as 'chewing'. When the oxygen was low it took water in, 'chewed' it over a bit and then pumped it out, after having removed the oxygen from it. If the oxygen content of the water was very low, the larva had the fascinating habit of coming up to the surface backwards and would take air directly into the rectal chamber.
With regard to the question about ffies, Professor Hughes said that flies had very active ventilation of the main tracheal trunks and so did not depend on diffusion entirely. The lung lining makes itself evident in a number of ways. Details are given in a recent review and in papers cited therein (Pattle 1965).
Dr Eugene
The air in the alveoli is separated from the blood by membranes which are freely permeable to water and which have little rigidity. The surfaces are sharply curved and if, for instance, an alveolus of 50, diameter had a surface tension of 30 dyn/cm, a pressure of 24 cm of water would be needed to prevent it from collapsing. In fact the lung is kept open in vivo by a pressure of 5 cm of water (Pattle 1965) . High surface tension in the alveolus would also tend to produce transudation from the blood. Von Neergard (1929) recognized the necessity for some kind of surfactant in the lung, but did not find it. It was first identified in attempts to treat pulmonary cedema with aerosols of silicone anti-foam (Pattle 1955 , Punte & Owens 1958 . The tracheal foam bubbles were unaffected by the anti-foam and their rate of contraction in air-saturated
